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Background: Transcription by RNA polymerase II in
eukaryotic cells requires the ordered assembly of general
transcription factors on the promoter to form a preinitiation
complex. Transcriptional activator proteins (activators)
stimulate transcription by increasing the rate and/or extent
of preinitiation complex assembly. We have shown previ-
ously that acidic activators increase the stable association of
TFIIB on the promoter, a process we refer to as 'recruit-
ment'. In this study, we provide evidence that diverse
activators facilitate TFIIB assembly by a related mecha-
nism. We then investigate the activator-mediated assembly
of TFIIB with regard to two aspects of transcription: the
distance-dependence of activator function, and reinitiation.
Results: We have previously described amino-acid-
substitution mutants of TFIIB that are able to support an
activator-independent basal level of transcription but do
not respond to acidic activators. We now show that these
mutants also do not respond to other classes of activators.
We demonstrate that this defect is due to a failure of the
activators to recruit the mutant TFIIB to the promoter.
Activators often lose activity as their distance from the
initiation site is increased. We show that this impaired
transcriptional activity correlates with a decrease in TFIIB
recruitment. Finally, we find that following the initiation of
transcription, TFIIB dissociates from the promoter, requir-
ing the activator-mediated reassembly of TFIIB in the
preinitiation complex for each new round of transcription.
Conclusion: We have provided evidence that diverse
activators recruit TFIIB to the promoter by a related
mechanism. This central step in transcriptional activation
is sensitive to promoter architecture, and is required for
each new round of transcription.
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Introduction
Transcription by RNA polymerase II requires the
ordered assembly of the general transcription factors
(GTFs) on the promoter to form a preinitiation complex
(reviewed in [1-3]). The rate of transcription of a gene
can be greatly enhanced by transcriptional activator pro-
teins (activators), which function by increasing the rate
and/or extent of assembly of the preinitiation complex
(reviewed in [3-6]). Such activation requires a group of
proteins called coactivators, which are dispensable for
activator-independent basal transcription (reviewed in
[3-6]). The best characterized coactivators form part of
TFIID, a complex containing the TATA box-binding
protein (TBP) together with several proteins termed
TBP-associated factors (TAFs; reviewed in [7]).
Previous work from our laboratory has shown that the
entry of TFIIB can limit preinitiation complex assembly,
and that this step can be facilitated by an activator with
an acidic transcriptional activation domain [8,9]. The
activation domain of a prototype acidic activator, VP16,
can directly interact with TFIIB [8,10-12]. A mutation
within the VP16 activation domain reduces its ability to
activate transcription [13,14] and impairs its interaction
with TFIIB [8,10,12].
Two distinct regions of TFIIB, which include a putative
basic amphipathic ot helix, are involved in binding VP16
[11]. We have described TFIIB mutants with amino-acid
substitutions in the basic region that abolished the inter-
action with VP16. Two such TFIIB mutants,
R185E/R193E and K189E/K200E [11], supported
basal transcription, but were defective in responding to
two unrelated acidic activators, GAL4-VP16 and
GAL4-AH (fusion proteins of the GAL4 DNA-binding
domain with the transcriptional activation domain of
VP16, and a designed polypeptide with a putative acidic
amphipathic a helix, respectively). These results strongly
suggested that a direct protein-protein interaction
between an acidic activator and TFIIB is required for
transcriptional activation.
In order for an activator to facilitate preinitiation
complex assembly and stimulate transcription, it must
first interact with DNA-binding sites located within the
vicinity of the promoter. Some activators can function
at a great distance from the initiation site, whereas
others can only work when located relatively near to
the transcription start-site [15,16]. How this distance-
dependence of activator function is reflected in
assembly of the preinitiation complex remains to be
determined.
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Once a preinitiation complex is formed, RNA polym-
erase II does not remain stably associated with the pro-
moter, but rapidly initiates transcription. Following
initiation, some GTFs dissociate from the preinitiation
complex and these released GTFs must be reassembled
for the next round of transcription to occur. It is not
known which GTFs are released and which remain stably
bound following transcriptional initiation in the presence
of an activator.
We have continued to study how activators affect TFIIB
recruitment. By analyzing the previously described
activation-defective TFIIB mutants, we now provide
evidence that diverse activators may mediate TFIIB
assembly by a similar mechanism. We then relate this
common function of activators to several aspects of
transcriptional regulation.
Results
Different classes of activators stimulate transcription
We initially sought to study the effect of diverse activa-
tors on TFIIB recruitment. Transcription assays were
carried out in vitro using a DNA template, G5E4T,
bearing five GAL4-binding sites upstream of the adeno-
virus E4 promoter. The level of transcription from this
promoter was quantified by primer-extension analysis
of accurately initiated E4 mRNA. Addition of the
acidic activators, GAL4-AH or GAL4-VP16, signifi-
cantly stimulated transcription above the activator-
independent basal level (Fig. la). We next tested
GAL4-fusions of the proline-rich activation domain of
CTF1 (residues 399-499; GAL4-PRO) and the gluta-
mine-rich activation domains of Spl (residues 83-542;
GAL4-GLN). Both GAL4-PRO and GAL4-GLN
Fig. 1. Stimulation of transcription by acidic, proline-rich and
glutamine-rich activators. (a) Acidic (GAL4-AH, GAL4-VP16),
proline-rich (GAL4-PRO) and glutamine-rich (GAL4-GLN) acti-
vators were compared in their ability to activate transcription in
vitro from the pG5E4T template (shown below); (-), no activator.
Transcripts were detected by primer extension. (b) Delineation of
a minimal glutamine-rich activation domain. The 459 amino-
acid version of GAL4-GLN, used in (a), was compared with two
smaller versions of Spi containing 113 and 42 amino acids (see
Materials and methods).
activated transcription to a level similar to that observed
with the acidic activators (Fig. la).
As GAL4-GLN (83-542) contains multiple glutamine-
rich activation domains [17], we wished to define more
precisely the region sufficient to activate transcription.
Previous studies have identified a glutamine-rich activa-
tion domain of Spl (domain A) located between amino
acids 132 and 243 [16,17]. Figure lb shows the results of
transcription assays in vitro using the 459 amino-acid Spl
region, compared with two truncated versions derived
from the Spl amino terminus (amino acids 138-251 and
138-180). Both smaller polypeptides activated transcrip-
tion to levels equivalent to that of the larger Spl deriva-
tive. Transient transfection experiments have confirmed
that the truncated versions of Spl could also support
transcription activation in vivo (S.S.W and M.R.G.,
unpublished observations). The 42 amino-acid activation
domain (residues 138-180), containing a glutamine-rich
portion of region A, was used for this study.
Activation-defective TFIIB mutants do not support
transcription directed by diverse activators
To assess the activity of the TFIIB mutants, we used
VP16-affinity chromatography to deplete TFIIB from a
Fig. 2. The TFIIB mutants assemble at the promoter to support
basal transcription. (a) Transcription: 5 ng or 25 ng of either wild-
type TFIIB (wt; lanes 3 and 4), R185E/R193E (185/193; lanes 5
and 6) or K189E/K200E (189/200; lanes 7 and 8) were added to a
TFIIB-depleted nuclear extract (TFIIB-depleted NE) and transcrip-
tional activity measured; NE, HeLa cell nuclear extract. (b) TFIIB
assembly: the DNA template G5E4T was immobilized on Dynal
magnetic beads and incubated with a TFIIB-depleted HeLa
nuclear extract. 10 ng of wild type TFIIB or the mutant TFIIB was
added as indicated. Lane 1 shows a control using magnetic beads
that do not contain a DNA template. Complexes were purified by
washing the beads in transcription buffer, and analyzed for TFIIB
by SDS-PAGE and immunoblotting with an anti-TFIIB antibody.
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HeLa cell nuclear extract [8,10,11]. Figure 2a shows, as
expected, that a TFIIB-depleted nuclear extract could
not support basal transcription (compare lanes 1 and 2),
and that activity was restored by the addition of wild-type
TFIIB (lanes 3 and 4). As we have shown previously [11],
the TFIIB mutants R185E/R193E and K189E/K200E
efficiently supported basal transcription (lanes 5-8). In
complete agreement with our previous study, the activity
of K189E/K200E was less than (-80 %) that of wild-type
TFIIB and R185E/R193E.
We next tested the ability of the TFIIB mutants to
assemble into preinitiation complexes, using our previ-
ously described immobilized DNA template assay. A
TFIIB-depleted nuclear extract was supplemented with
either wild-type TFIIB or a TFIIB mutant and then
incubated with a G5E4T DNA template, immobilized
by attachment at one end, via a biotin moiety, to strept-
avidin beads [8,9]. The template was washed to remove
unbound factors, and stably bound proteins were eluted
and analyzed by immunoblotting with an anti-TFIIB
antibody. Figure 2b shows that, in the absence of an acti-
vator, equivalent amounts of wild-type and mutant forms
Fig. 3. The TFIIB mutants are defective in transcription and
assembly in response to diverse activators. (a) Transcription:
activators were analyzed in a TFIIB-depleted nuclear extract
(TFIIB-depleted NE), supplemented with either wild-type TFIIB
(lanes 5 and 6) or mutant TFIIB (R185E/R193E or K189E/K200E;
lanes 7-10). NE, HeLa cell nuclear extract; (-), no activator; (+),
addition of activator. The amount of TFIIB and derivatives added
was 20 ng or 100 ng. (b) TFIIB assembly: TFIIB-depleted nuclear
extract was supplemented with wild-type or mutant TFIIB, and
incubated with an immobilized DNA template in the absence or
presence of activators (GAL4-AH, GAL4-PRO or GAL4-GLN).
Complexes were purified and assayed for TFIIB by immuno-
blotting. (-), TFIIB-depleted nuclear extract supplemented with
wild-type TFIIB in the absence of an activator.
of TFIIB were stably associated with the promoter, in
agreement with the transcription data of Figure 2a.
We then tested the ability of the TFIIB mutants to sup-
port transcription directed by the non-acidic activators.
Figure 3a shows transcription assays in the presence of
the activators GAL4-VP16, GAL4-AH, GAL4-PRO
and GAL-GLN. As expected, depletion of TFIIB from a
nuclear extract abolished both basal and activated trans-
cription, which was restored by addition of wild-type
TFIIB (compare lanes 3 and 4 with 5 and 6). In contrast,
the TFIIB mutants did not restore a stimulated level of
transcription in response to any of the four activators
tested (compare lanes 5 and 6 with 7-10). These results
are identical to those of our previous study, which ana-
lyzed only acidic activators [11]. We conclude that these
Fig. 4. The TFIIB mutants are inhibitors of activated transcription.
(a) Inhibition by mutant TFIIB: transcription was performed in a
standard HeLa cell nuclear extract supplemented, as indicated,
with either 20 ng or 100 ng of wild-type TFIIB (wt) or mutant
TFIIB (185/193 or 189/200). Addition of the activators (left) is
indicated by (+). (b) Comparable effect of wild-type and mutant
TFIIB on basal transcription: 20 ng or 100 ng of wild type or
mutant TFIIB was added to a standard nuclear extract as indi-
cated. Transcription was performed in the absence of an activa-
tor. (c) Inhibition is reversed by wild-type TFIIB: 25 ng of the
185/193 TFIIB mutant was added to a HeLa cell nuclear extract,
which reduced the level of VP16-activated transcription by
approximately 80 % (lane 3). To this inhibited reaction, 25 ng,
75 ng or 125 ng of wild-type TFIIB was then added (lanes 4-6),
and transcriptional activity determined.
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Fig. 5. Analysis of distance-dependent
activator function. (a) Transcription:
DNA templates (pG5E4T, pG5 154E4T
and pG5116OE4T; below ) were tested for
transcriptional activity in the presence
(+) or absence (-) of the acidic activator
GAL4-AH; (-) indicates a basal tran-
scription reaction; E4 transcripts are
indicated. (b) Complex assembly: the
DNA templates were immobilized on
magnetic beads and incubated with
nuclear extract in the presence (+) or
absence (-) of GAL4-AH. Complexes
were purified, and the presence of TFIIB
and TBP quantitated by immunoblot-
ting. Molecular weight markers (kD) are
shown on the left.
TFIIB mutants are defective in supporting transcriptional
stimulation by diverse activators.
We have shown previously that an activator can increase
the stable assembly of TFIIB on the promoter [8,9].
Therefore, we next measured the recruitment of wild-
type and mutant TFIIB in the presence of GAL4-AH,
GAL4-PRO or GAL4-GLN. Figure 3b shows assembly
assays using an immobilized DNA template incubated
with TFIIB-depleted nuclear extract, supplemented
with either wild-type or mutant TFIIB. In each case, the
amount of stably associated wild-type TFIIB was
approximately 20-fold greater than that observed in the
absence of an activator. However, recruitment of the two
TFIIB mutants was not increased by any of the activators.
Thus, at least one explanation for the transcriptional
defect of these TFIIB mutants is an inability to undergo
activator-mediated recruitment.
Activation-defective TFIIB derivatives specifically inhibit
activated transcription
We next asked whether the TFIIB mutants had inhibitory
properties, by analyzing their ability to affect transcription
after their addition to a standard HeLa cell nuclear extract.
Figure 4a shows that the addition of wild-type TFIIB to
a HeLa cell nuclear extract did not affect activated trans-
cription (compare lane 2 with lanes 3 and 4). However,
addition of the TFIIB mutants inhibited transcription, in
a concentration-dependent manner, directed by all classes
of activators (lanes 5-8). In contrast, the effect of these
mutants on basal transcription was comparable to that of
wild-type TFIIB (Fig. 4b). Thus, the TFIIB mutants can
specifically inhibit transcriptional activation.
To investigate the mechanism of inhibition, we asked
whether transcription could be restored by addition of
wild-type TFIIB. We first determined the amount of the
R185E/R193E TFIIB mutant that was sufficient to
inhibit activated transcription by 80 % (Fig. 4c, lane 3).
Addition of increasing amounts of wild-type TFIIB to
the inhibited reaction restored the stimulated level of
transcription (compare lane 3 with lanes 4-6). Thus, the
TFIIB mutants appear to be competitive inhibitors of
wild-type TFIIB.
Distance-dependent activator function
Activators are directed to the promoter region by binding
to specific DNA sequences, which position the activation
domain within the vicinity of the core promoter. We
have previously shown that, in vitro, the acidic activator
GAL4-AH loses potency as its DNA binding sites are
moved away from the transcription start-site [15]. We
therefore sought to determine the point of preinitiation
complex assembly at which this effect of distance occurs.
For these experiments, we used the G5E4T DNA
template, and derivatives containing insertions - of 54
base pairs (G5I54E4T) or 160 base pairs (G5I16 0 E4T) -
between the GAL4-binding sites and the TATA box.
Consistent with our previous results [15], increasing the
distance between the GAL4 binding sites and the TATA
box led to a decrease of transcription (Fig. 5a).
We next analyzed preinitiation complex assembly using
these same DNA templates. In parallel with the tran-
scription data, stable assembly of TFIIB decreased as the
distance between the GAL4-binding sites and the TATA
box was increased (Fig. 5b). Similar results were observed
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Fig. 6. General transcription factors required for reinitiation of transcription. (a) Only GAL4-AH and TFIID remain stably associated
with the DNA template after transcription initiation. A summary of the experimental protocol is shown. After a first round of transcrip-
tion, the immobilized template was washed to remove the dissociated GTFs. Combinations of GTFs were added (second round) and
transcription reinitiated by addition of rNTPs. The GTFs added to the first and second reaction mixtures are shown above and below
the autoradiograph, respectively; HTNE, heat-treated nuclear extract. (b) GAL4-AH alone is stably associated with the DNA template.
The experimental protocol is indicated below the autoradiograph. Nuclear extract alone, GAL4-AH alone or GAL4-AH plus nuclear
extract were incubated with immobilized G5E4T. In the fifth lane, buffer D containing 2 mg ml-1 BSA was used instead of NE.
Following purification of complexes, nuclear extract was added to the template previously incubated with GAL4-AH alone, and rNTPs
added to each reaction mixture to initiate transcription. (c) TFIID does not exchange between templates following transcription initia-
tion. The diagram of the experimental protocol is shown below the autoradiograph. The AdML (adenovirus major late core promoter)
template was incubated with the immobilized E4 template either prior to (lane 1) or following (lane 2) the first round of transcription.
Lanes 3 and 4 show that the reinitiation of E4 transcription is dependent on the addition of TFIIB (B), TFIIE/F (E/F) and RNA polymerase
II (11). The positions of the primer-extension products from accurately initiated E4 (pG5E4T) and AdML ( pMLD-51) DNA templates are
indicated. (d) The activator is required for the second round of stimulated transcription. Following the first round of transcription, the
immobilized DNA template was washed, then incubated in transcription buffer alone (lanes 1 and 2), with Xbal (lane 3) or heat-dena-
tured Xbal (lane 4). The DNA templates were washed and nuclear extract plus rNTPs added to initiate a second round of transcription
(upper panel). Cleavage of the immobilized DNA template was confirmed by primer extension with an E4 gene oligonucleotide (lower
panel). Shown below is a diagram of the DNA template, indicating the GAL4-binding sites, Xbal site, TATA element, E4 gene sequence
and the region of immobilization (solid circle).
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for GTFs that enter the preinitiation complex after
TFIIB (data not shown). By contrast, equivalent levels of
TFIID (as monitored by its TBP subunit) associated with
the various DNA templates. Furthermore, consistent
with our previous results [8,9], TFIID assembly levels
were comparable in the presence or absence of the acti-
vator. Thus, an important determinant of stable TFIIB
assembly is the distance between the bound-activator(s)
and the TATA box.
Reinitiation of transcription
We next designed an experiment to identify the GTFs
that remain stably associated with the DNA template
following transcription initiation. Because we were inter-
ested in the functional recruitment of GTFs, we used
transcription as the assay for GTF assembly [8]. Preinitia-
tion complexes were assembled and purified from a
nuclear extract in the presence of GAL4-AH. Using
heparin to block reinitiation [18], we found that the
RNA synthesized from purified preinitiation complexes
was the product of a single round of transcription (data
not shown). Transcription was initiated from these puri-
fied complexes by the addition of ribonucleoside triphos-
phates (rNTPs), and the complexes were washed to
remove the RNA synthesized in the first round and
GTFs that had dissociated. Nuclear extract fractions con-
taining GTFs [8] were then added, and the transcripts
synthesized in the second round were quantified.
Figure 6a shows that the addition of nuclear extract frac-
tions containing TFIIB, RNA polymerase II and TFIIE/F
was sufficient to restore a second round of transcription,
approximately equal to that of the first round. Trans-
cription was also restored by a heat-treated nuclear extract
(HTNE), which selectively inactivates TFIID ([19], data
not shown). These results indicate that the addition of
GAL4-AH and TFIID was not required to obtain a sec-
ond round of activated transcription, strongly suggesting
that these factors remained bound to the DNA template
following transcription initiation. Importantly, Figure 6a
shows that if TFIIB was not added back to the reaction
mixture, a second round of activated transcription did
not occur. Based upon these results, and the established
pathway for preinitiation complex assembly [1-3,5], we
conclude that TFIIB, and all GTFs that assemble follow-
ing TFIIB, are released after transcription initiation.
Figures 6b and 6c present several control experiments
that support the conclusions of Figure 6a. Figure 6b
demonstrates that the wash conditions used did not dis-
turb either the activator (alone or in the presence of
GTFs) or the preinitiation complex (in the presence or
absence of the activator). Figure 6c rules out the possi-
bility that, following initiation, TFIID was released from
and then rebound to the DNA template. A second
DNA template, the adenovirus major late (AdML) core
promoter, was added either in the first reaction mixture
or following purification of the immobilized preinitia-
tion complex formed on the E4 DNA template. When
the free AdML and immobilized DNA template were
simultaneously added in the first reaction mixture, trans-
cription from both templates was detected. Trans-
cription from AdML, which contains only a TATA box
was, as expected, lower than that from the E4 promoter,
which contains GAL4-binding sites. In contrast, when
the AdML template was added to a purified preinitiation
complex, along with those factors required to support a
second round of transcription (TFIIB, TFIIE/F and
RNA polymerase II), transcription was detected from
the immobilized E4 but not from the AdML template. If
TFIID had been released following transcription initia-
tion, it would have rebound to both the E4 and AdML
templates. Thus, we conclude that TFIID remains stably
bound to the DNA template following initiation.
In order to investigate whether the activator was required
for the second round of transcription, we performed the
experiment shown in Figure 6d. Following the first
round of transcription, the immobilized DNA template
was digested with the restriction endonuclease XbaI. This
cleaves the GAL4-binding sites from the DNA template,
leaving the TATA element and transcribed sequences
immobilized. Complete digestion was verified by primer
extension of a sample of the DNA template. After wash-
ing the beads, nuclear extract and NTPs were added to
initiate a second round of transcription. The data show
that treatment with XbaI, but not heat-denatured XbaI,
resulted in a second round of transcription that was com-
parable to the basal level (compare lanes 3 and 4). Thus,
the presence of the activator is required for a second
round of activated transcription.
Discussion
We have addressed a major question in the study of tran-
scription: do different classes of activator function by
similar or distinct mechanisms? Our data suggest that, at
least for the recruitment of TFIIB to the preinitiation
complex, diverse activators may function similarly.
TFIIB mutants, altered in the basic region and shown to
be defective for interacting with, and responding to,
acidic activators [11,12], also fail to support the function
of non-acidic activators. We have further shown that
these mutants are defective because they fail to undergo
activator-mediated recruitment.
Our results support and extend previous studies, which
showed that both acidic [8,9,20] and non-acidic [9,21-23]
activators increase the amount of TFIIB incorporated into
a preinitiation complex. For acidic activators, the basis for
TFIIB recruitment involves a direct activator-TFIIB
interaction; for non-acidic activators, the basis for recruit-
ment is not yet clear. One possibility is that recruitment is
indirect, mediated through adaptor proteins, perhaps
TAFs, that are present in the nuclear extract. Alternatively,
recruitment may also involve a direct contact between
the non-acidic activation domain and TFIIB; for exam-
ple, both the proline-rich activation domain of CTF1
[22] and the glutamine-rich activation domain of Spl
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[24] can interact directly with TFIIB. If non-acidic acti-
vators also contact TFIIB directly, it would suggest that
the basic region of TFIIB is involved. Indeed, the inter-
action of TFIIB with several non-acidic activators, such
as thyroid hormone receptor [ [25] and CREB-binding
protein [26], requires an intact TFIIB basic region.
It may seem surprising that apparently distinct activation
domains can all contact a common region of a GTF, but
this may reflect a quirk in the current classification system.
These domains have been grouped according to their con-
tent of a particular class of amino acid, such as acidic, gluta-
mine or proline residues (reviewed in [4-6]). However,
mutagenic analysis of VP16 and Spl indicates that other
properties, such as the pattern of hydrophobic residues,
may be the critical feature of an activation domain [27-29].
Thus, supposedly different classes of activation region
may have common sequence and structural elements, and
thus may engage in similar protein-protein interactions.
Along with other groups, we have shown previously that
activators function during several steps in the assembly of
the preinitiation complex. Indeed, our former study
attributed transcriptional synergy to the ability of activa-
tors to contact multiple targets. Consistent with this
notion, activators have been found to interact with tran-
scription factors other than TFIIB, including GTFs,
TAFs and other coactivators (reviewed in [3-7]).
A new finding that has emerged from this study is that
the TFIIB mutants are inhibitors of transcriptional activa-
tion. Although the precise mechanism of inhibition
remains to be elucidated, we favor the idea that, at high
concentrations, the TFIIB mutants are driven into
preinitiation complexes, rendering them insensitive to
activation (Fig. 7a). In support of this explanation, addi-
tion of wild-type TFIIB counteracted such inhibition,
suggesting that mutant and wild-type TFIIBs compete
for a common target, such as the preinitiation complex.
Fig. 7. The role of TFIIB in diverse aspects of transcriptional regulation. (a) Inhibition of transcriptional activation by mutant TFIIB.
Activators recruit TFIIB to the promoter, leading to a complex competent to support the enhanced assembly of further components of
the preinitiation complex, and culminating in transcriptional activation (left). Addition of excess mutant TFIIB forces the formation of
complexes which the activator cannot contact via TFIIB (right). Such complexes are refractory to activation, resulting in a basal level of
transcription. (b) Distance-dependent recruitment of TFIIB by activators. Activator-mediated recruitment of TFIIB involves cooperative
binding to the DNA-bound activator and TFIID, facilitating assembly of other GTFs and resulting in activated transcription (left). This
cooperativity can be compromised by increasing the distance between the activator and the TATA box (right). In this case, TFIIB
assembly is supported only by TFIID, resulting in basal transcription. (c) TFIIB recruitment is required for each round of transcriptional
activation. Following transcription initiation, TFIIB along with other GTFs and RNA polymerase II dissociate from the promoter. The
activator-mediated recruitment of TFIIB is therefore required for each round of transcription. A simplified version of preinitiation
complex assembly is shown, and some of the protein-protein and protein-DNA contacts are drawn arbitrarily.
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Why would incorporation of a TFIIB mutant into a
preinitiation complex inhibit activated transcription?
Activation requires multiple steps [9,22], and we have
recently found that the activator induces a conforma-
tional change in TFIIB that facilitates further assembly of
the preinitiation complex ([12], reviewed in [301). Thus,
incorporation of a TFIIB mutant that cannot interact
with an activator would block activation. An alternative
inhibitory mechanism is that the TFIIB mutants may
sequester GTFs in protein complexes that cannot be
recruited by an activator. For example, a significant pro-
portion of yeast TFIIB is associated with a 'holoenzyme'
containing RNA polymerase II, TFIIF and other GTFs
[31]. To date, however, an analogous holoenzyme has not
been detected in mammalian cells.
For the first time, we have related the distance-dependence
of activator function to preinitiation complex assembly.
TFIIB recruitment was the first step of assembly that was
affected when the distance between the activator and the
TATA-box was increased. These results strongly support
our previous proposal for activator-mediated TFIIB
recruitment. Recruitment of TFIIB requires the presence
of TFIID (or TBP) [8,9], and TFIIB can independently
interact with an acidic activator and TBP. On the pro-
moter, the activator and TBP are brought into proximity,
enabling TFIIB to bind cooperatively to these two pro-
moter-bound proteins (Fig. 7b). Cooperative binding of
TFIIB to promoter-bound activator and TBP would
explain the activator-mediated recruitment of TFIIB
observed in this and previous studies. As the distance
between the bound activator and bound TBP is
increased, this cooperative effect would be diminished,
leading to a corresponding decrease in TFIIB assembly
and hence transcription.
We have shown that, following transcription initiation,
RNA polymerase II, TFIIB and TFIIE/F dissociate from
the promoter, whereas the sequence-specific DNA bind-
ing proteins, TFIID and the activator, remain bound
(Fig. 7c). These results are consistent with those of previ-
ous DNAse I footprinting and transcription studies with
the activator USF [32]. Because TFIIB dissociates follow-
ing transcription initiation, this limiting step must be
overcome during each new round of transcription,
allowing rapid control by the activators. If, instead,
TFIIB was in a complex that was stable for multiple
rounds of transcription, it might be more difficult to
rapidly modulate transcription rates.
The data presented here, and in previous studies
[8-12,20-23], suggest that an essential function of activa-
tors is to recruit TFIIB into the preinitiation complex.
Why is TFIIB assembly such an important step? A crucial
function of TFIIB is to link RNA polymerase II with the
preinitiation complex [33]. In this regard, it is interesting
to note that several reports have described transcription
systems containing only a subset of the GTFs [34-37]. To
date, TFIIB is the only GTF that, in all instances, is
required for transcription by RNA polymerase II. This
apparent universal requirement for TFIIB helps to
explain why TFIIB assembly is such a critical event in
transcription activation.
Conclusions
The activation of transcription requires an increase in the
stable association of TFIIB in the preinitiation complex,
on the promoter. In this study, we have provided evidence
that diverse activators recruit TFIIB by a related mecha-
nism. This general function of activators suggests that
TFIIB assembly plays a pivotal role in the regulation of
transcription. In support of this idea, activator-mediated
recruitment of TFIIB is sensitive to promoter architec-
ture, and is required for each new round of transcription.
Materials and methods
Plasmids
GAL4-AH, GAL4-VP16 and GAL4-PRO have been
described previously [9]. To produce six-histidine-tagged
GAL4-GLN, we cloned DNA encoding amino acids 83-542
of Spl into pRJR1, which encodes amino acids 1-93 of the
GAL4 DNA-binding domain downstream of six histidine
residues [38]. GAL4-GLN(113) and GAL4-GLN(42) were
constructed by cloning DNA encoding amino acids 138-251
and 138-180 of Spl into pRJR1 as XhoI/XbaI fragments. The
DNA templates for transcription reactions (AdMLP, G5E4T,
G5 154 E4T and G51160E4T) have been described previously [15].
Proteins
Wild-type TFIIB and the mutant TFIIBs were purified by
phosphocellulose column chromatography, as described previ-
ously [33]. Quantification was by Bradford assay, and direct
examination of the protein by SDS-polyacrylamide gel electro-
phoresis (PAGE) and Coomassie staining. Purification of bacte-
rially expressed GAL4-AH, GAL4-VP16 and GAL4-PRO
was as described [9]. Production of the GAL4-GLN derivatives
was as follows: after induction of bacterial cultures with IPTG,
the cells were harvested and resuspended in extraction buffer
(10 mM Tris-HCI pH 8, 10 % glycerol, 0.5 M NaCl, 10 mM
3-mercaptoethanol, 0.5 mM PMSF); the cells were disrupted
by french press, and the proteins purified by Ni2 +-NTA chro-
matography, essentially as described [38]. All proteins were dia-
lyzed against buffer D [39] and analyzed for purity and quality
by SDS-PAGE. HeLa nuclear extract was chromatographed to
produce TFIIE/F, RNA polymerase II, TFIID and TFIIB
fractions, as described previously [8].
In vitro transcription
TFIIB-depleted nuclear extract was prepared by GST-VP16
affinity chromatography [8,10,11]. Heat-treated nuclear extract
was produced as described [19], and tested for' TFIID-
dependence before use. Transcription assays were performed in
vitro with both free and immobilized templates, as described
previously [8,9].
Assembly assays
DNA templates were biotinylated and immobilized on strept-
avidin-agarose (Sigma) or Dynal magnetic beads, as described
previously [8,9]. Complexes were purified by washing in trans-
cription buffer. Immobilized complexes were then either used
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in transcription assays or subject to SDS-PAGE. TFIIB and
TFIID (TBP) were detected using anti-TFIIB and anti-TBP
antibodies, and visualized by ECL (Amersham) as described
previously [10]. Digestion of the immobilized DNA template
with XbaI was performed in transcription buffer (100 jIl) using
100 U XbaI at 30 C for 1 h. Xbal was denatured by heating to
90 C for 20 min.
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